structural 19 Highlight: Maize stem morphology was investigated through an optimization algorithm to 20 determine how efficiently their structural tissues are allocated to withstand wind induced bending 21 stresses that cause stalk lodging.
Introduction 42
Stalk lodging (permanent displacement of plants from their vertical orientation) severely 43 reduces agronomic yields of several vital crop species including maize. Yield losses due to stalk 44 lodging are estimated to range from 5-20% annually (Flint-Garcia et al., 2003; Berry et al., 2007) . 45 Several internal and external factors contribute to a plant's propensity to stalk lodge. External 46 factors include wind speed (Wen et al., 2019) , pest damage (Echezona, 2007) , and disease (Dudley, 47 1994; Holbert et al., 1923) . Internal factors include the plant's morphology and material properties 48 (Esechie, 1985; Robertson et al., 2017; Stubbs et al., 2018) . Despite a growing body of literature 49 surrounding the topic of maize stalk lodging, a detailed morphological investigation of the taper 50 of maize stalks has not been reported. The purpose of this paper is to quantify changes in diameter 51 and rind thickness of maize stalks as a function of plant height (i.e., taper) and to determine the 52 structural efficiency of the taper of maize stalks. This study investigates stalk taper from a purely 53 structural standpoint and other abiotic and biotic considerations that may affect stalk morphology 54 (i.e., taper) of maize stalks are not considered. 55 To determine the structural efficiency of maize stalks one must both quantify the stalk taper 56 and define probable wind loading scenarios. An efficiently tapered stalk is defined as one in which 57 uniform mechanical stresses are produced when the plant is subjected to probable wind loading 58 scenarios. In other words, the shape of the stalk is optimal, meaning that loads are supported with 59 as little tissue as possible. An inefficient taper is one in which non-uniform mechanical stresses 60 are produced. Inefficient stalks utilize more structural tissue than is necessary in some areas and 61 less structural tissue than is necessary in other areas to withstand the loads to which they are 62 subjected. In other words, for inefficient stalks the amount of structural tissue could be reduced 63 without affecting the load bearing capacity of the stalk. The structural efficiency of maize stalks is 64 of interest because efficient stalks would theoretically have more available biomass and bioenergy experienced by the stalk. Detailed computational engineering models that capture the interplay 85 between fluid dynamics and structural deformations (i.e. fluid-structure interaction models 86 (Zienkiewicz et al., 2014) ) could potentially be used to calculate the drag force experienced by 87 maize stalks over time. However, such models are computationally expensive and time-88 consuming to run. In summary, accurately measuring drag forces in crop canopies is challenging 89 and remains and active area of research. An overview of this topic is given by Finnigan (Finnigan, 90 2000).
91
While direct measurement of exact wind forces on maize stalks is challenging, defining the 92 realm of possible wind loading scenarios less so. To define the realm of possible wind loading 93 scenarios we assume the wind speed acts in the same direction along the length of the stalk. In 94 other words the wind does not blow in one direction at the bottom of the stalk and in a different 95 direction at the top of the stalk. We can also bound the degree of change in the magnitude of the 96 wind force along the length of the plant. For example, previous studies and engineering fluid 97 mechanics theory dictate that the local wind speed in crop canopies increases with height (Cionco, 98 1965; Wen et al., 2019; Yi, 2008) . A simple examination of corn stalks also suggest that the 99 combination of the drag coefficient and projected area increases with plant height (i.e., the leaves 100 near the bottom of mature maize plant are often dead and fall off whereas the top leaves remain 101 structurally robust). Thus both the local wind speed and the combined effect of the drag coefficient 102 and projected area can be assumed to increase with plant height. Combining these insights with 103 Equation 1, we can determine that the wind force (i.e. drag force) increases with plant height. Next, 104 we apply upper and lower bounds of probable wind loading scenarios. At the upper bound of 105 probable wind loading we assume all of the wind force acts at the top of the plant as a point load.
106
At the lower bound of probable wind loading we assume a uniform load is applied to stalk along 107 its entire length (i.e., the drag force at the top of the plant is the same as the drag force in every 108 other cross-section of the plant including the bottom of the plant). These bounds allow for all 109 probable wind loading scenarios (e.g., linear, quadratic exponential etc. increase in drag force with 110 plant height) and exclude improbable scenarios such as the drag force being higher at the base of 111 the plant than at the top of the plant. Figure 1 visually represents each of these assumptions.
112
The structural efficiency of maize stalks can be determined by using Engineering equations 113 which relate stem morphology and mechanical stress to probable wind loading scenarios presented 114 in Figure 1 . In particular, the maximum stress in any cross-section (σ) due to wind-induced bending 115 is calculated as (Beer et al., 2002) :
where Df is the drag force (see Equation 1) and Sx is the section modulus at a distance x along the 118 stalk. Section modulus is an engineering term that quantifies the morphology of the cross- internode will experience a lower maximum stress than the rest of the plant, as it has more 134 structural tissues (i.e., mass) than is necessary. If the section modulus of an internode falls below 135 the blue curve, then that internode will experience a higher maximum stress than the rest of the 136 internodes of the plant, as it has less structural tissue than is efficient. If the section modulus of an 137 internode falls between the red and blue curves (white area), then that internode will experience a 138 similar level of mechanical stress as compared to the rest of the plant, and therefore has an efficient 139 allocation of structural tissues.
140
To determine the structural efficiency of maize plants, a select group of maize stalks were 141 analyzed. Their major and minor diameters and rind thicknesses were measured at each internode 142 and compared to Figure 1 . In addition, a custom optimization algorithm was employed to 143 determine the exact drag force profile for each plant that would produce the most uniform 144 mechanical stress possible for the given stalk structure. The details and results of these 145 experiments are presented in the following sections. applied to the top of the specimen as described by Beer (Beer et al., 2002) and shown in Figure   206 2. For the hybrids investigated, the ear was an average of 49.6% (+/-14.3% standard deviation) 207 of the way up the stalk.
208
Based on this setup, we can now calculate the resolved force (F0) and the loading profile 209 (f(x)) for each specimen that results in the most uniform stress state in each particular 210 specimen. This was accomplished through the use of an optimization algorithm. In particular, a 211 custom code was developed in Matlab to perform an fmincon optimization for each stem specimen 212 (Chuan et al., 2014; Han, 1977 Han, , 1977 Sreeraj et al., 2013) . The objective of the optimization 213 function was to minimize the variation in mechanical stress across the length of the specimen by 214 changing the values of the input parameters F0 and f(x) (see figure 3 ). To accomplish this each 215 specimen was computationally partitioned into 100 cross-sections and the optimization routine Section modulus values for each stalk were analyzed to determine structural efficiency 241 (i.e., how structurally efficient the taper of each stalk was). It was found that the median taper of 242 all stalks demonstrated an efficient allocation of structural tissues for probable wind loadings (see 243 Figure 5 ). However, many internodes fell well outside the range of structural efficiency (i.e.,
244
outside of the white area in Figure 5 ). In particular, 35% of the measured internodes in the study 245 fell within the most efficient range, 38% of measured internodes fell below the blue curve (too 246 little structural tissue), and 27% of the measured internodes fell above the red curve (too much 247 structural tissue).
249

Optimal Drag Force Profile for Each Stalk 250
The optimization procedure was performed on all 945 stalks. The fmincon procedure 251 successfully determined the drag force profile (X) that produced the most uniform state for each 252 specimen. Figure 6 depicts histograms of the resulting stress states of the specimens. In particular, 253 the overall average stress along the length of each specimen (n = 945) and the stress at every cross-254 section of each specimen (n = 94500) is presented in Figure 6 . To enable all specimens to be 255 plotted on the same graph the stress of each specimen / cross-section was normalized to a target 256 stress of 1.00. In other words, a stress state different than a stress of 1.00 represents a suboptimal 257 allocation of structural tissues.
258
Analysis of the drag force profiles for each specimen that would produce the most uniform 259 stress in the specimen revealed that the resolved force F0 was far larger than the drag force profile 260 below the ear (see Figure 7) . These data imply that the stalks allocate structural tissues for wind 261 loading that primarily occurs above the ear (e.g. the drag force increases exponentially with 262 height). This does not imply that there is no wind below the ear, but that the drag force (determined 263 by the local wind speed, projected stalk and leaf area, and drag coefficient) is much less below the 264 ear as compared to the drag force above the ear. Note this does not imply the bending stresses are 265 lower at the base of the stalk. Bending stresses are determined by forces (i.e., f(x) and F0) and 266 11 moment arms (i.e., distance at which the force is applied). Thus, bending stresses are always higher 267 at the base of the stalk even if the drag force profile is lower at the base of the stalk. To test the hypothesis that stronger plants allocate structural tissues more efficiently (i.e., 
277
This was found to be true when comparing individual specimens and when comparing hybrids (see 278 Figure 8 ). breeding metrics such as yield. Several nondestructive methods of measuring stalk rind thickness 297 have been developed (e.g., x-ray computed tomography) but these methods are usually limited to 298 laboratory or greenhouse settings and cannot easily be implemented in an agricultural field setting 299 (e.g., (Mairhofer et al., 2012; Robertson et al., 2017; Seegmiller et al., 2020) ).
300
Results showed that lodging resistant hybrids (i.e., those with higher average bending 301 strengths) were more structurally efficient than hybrids that were weaker. The hybrids with higher 302 average bending strengths also displayed less plant to plant variation in structural efficiency. In 303 other words, strong hybrids were more structurally optimized and more consistently optimized is analyzed as an individual specimen (i.e., no averaging of results across hybrids) the stronger 307 stalks were more structurally efficient than weaker stalks. These results are likely due in part to 308 breeding techniques used in the past. In particular, applied selective breeding pressure based on 309 counts of lodged stalks at harvest time is expected to produce hybrids that are both strong and 310 exhibit minimal plant to plant variance in strength. That is to say that a variety with high average 311 strength but also high standard deviation in strength will have higher lodging rates than a variety 312 with a similar average strength but a lower standard deviation in strength.
313
In this study an optimization routine was used to determine the wind loading profile that 314 would produce the most uniform mechanical stresses along the length of maize stalks. It was found 315 that maize stalks are structurally optimized for wind loadings that occur primarily above the 316 ear. This is consistent with the authors' observations in field conditions; although plants at the 317 border of the field may experience loading along the full length of the stalk, the majority of maize 318 plants appear to be primarily subjected to wind loads at or above the ear. The optimization method 319 used in this study was robust and has the potential to be applied to other plants in which the 320 structure of the plant may be predictive of its loading environment. Using optimization methods (as compared to fluid-structure interaction models) and can infer the aggregate loading over time, 324 taking into account the wind profile and fluid-structure interaction between the wind and the plant 325 stalk.
326
Three-point bending tests are the most commonly employed test to quantify bending 327 strength in plant stalks (Robertson et al., 2015; Stubbs et al., 2018) . However, results from this 328 study highlight several shortcomings of the three-point-bending test approach. In particular, most 329 plant stalks are tapered and researchers typically opt to place the loading anvil from a three-point-330 bending test at the same anatomical location for each stem specimen in a given study (e.g. the third 331 internode). Thus, the failure location is artificially imposed by the researcher since failure always 332 occurs near the loading anvil, whereas in nature, the failure location is determined by local material 333 weakness and imperfections (i.e., suboptimal allocation of structural tissues). By artificially 334 imposing the failure location the researcher is inducing failure in a cross-section that may have 335 more structural tissue than is optimal in some specimens and less structural tissue than is optimal 336 in other specimens. This confounds comparisons of bending strength among different specimens 337 in a given study, as the measured bending strength could vary substantially for any given specimen 338 depending on the structural optimality of the failed cross-section. A better approach is to apply 339 bending loads that replicate natural loading patterns. Such loading conditions produce natural 340 failure types and failure patterns in plant specimens (i.e., failure occurs at the cross-section with 341 the least optimal allocation of structural tissue). Several devices have been recently developed 342 which accomplish this task (Grafius and Brown, 1954; Berry et al., 2003; Guo et al., 2018 Guo et al., , 2019 343 Erndwein et al., 2019; Heuschele et al., 2019) . In particular, they utilize the natural anchoring of 344 the maize roots and apply a point load to a cross-section near the ear (very similar to the loading 345 profile shown in Figure 7 ). Thus these devices simulate the loading conditions experienced by 346 plants in their natural environment and consequently produce natural failure types and patterns 347 (Cook et al., 2019) . These devices are therefore expected to provide more distinguishing power 348 than three-point-bending test methods. The primary limitation of the current study is that the rind of the stalk was assumed to be 352 a homogeneous, isotropic, linear elastic material subjected to pure bending. The morphology of physiological mature maize stalks was characterized, and the loading 370 environments that result in the most uniform maximum stresses along the length of maize stalk 371 were investigated. It was found that maize stalks are morphologically organized to resist wind 372 loading that occurs primarily above the ear. It was also found that plants with higher bending 373 strengths were more structurally efficient than weaker plants. However, even strong plants 374 allocated structural tissues in a suboptimal manner. There exists much room for improvement in 375 the area of structural optimization of maize stalks. These findings are relevant to crop management 376 and breeding studies seeking to improve stalk lodging resistance. 
Figure 2:
A loading diagram of the wind on the plant stalk with an unknown load distribution along the length of the stalk (left); the wind loading above the ear can be resolved as an unknown positive force (F0) and positive moment (M0) applied to the top cross section (right) (Beer et al., 2002) . 
